The ability to perceive speech is related to the listener's ability to differentiate among frequencies (i.e., spectral resolution). Cochlear implant (CI) users exhibit variable speech-perception and spectral-resolution abilities, which can be attributed in part to the extent of electrode interactions at the periphery (i.e., spatial selectivity). However, electrophysiological measures of peripheral spatial selectivity have not been found to correlate with speech perception. The purpose of this study was to evaluate auditory processing at the periphery and cortex using both simple and spectrally complex stimuli to better understand the stages of neural processing underlying speech perception. The hypotheses were that (1) by more completely characterizing peripheral excitation patterns than in previous studies, significant correlations with measures of spectral selectivity and speech perception would be observed, (2) adding information about processing at a level central to the auditory nerve would account for additional variability in speech perception, and (3) responses elicited with spectrally complex stimuli would be more strongly correlated with speech perception than responses elicited with spectrally simple stimuli.
INTRODUCTION
Cochlear implants (CIs) are routinely recommended for children with severe to profound hearing loss. Postimplantation, the audiologist is responsible for optimizing the stimulation provided by the device. Because children are often too young to give detailed or reliable feedback, electrophysiological measures can be useful. The electrically evoked compound action potential (ECAP) is one measure currently used to guide setting the output of each electrode. ECAP thresholds can be used to ensure that stimulation provided by the processor is detectable (Brown et al. 2000; Hughes et al. 2000a Hughes et al. , 2000b . However, an important goal of a CI is to provide pediatric recipients with sufficient acoustic detail for speech and language development. Detection of sound is obviously necessary but not sufficient for developing these skills. Spectral, temporal, and amplitude resolution are also necessary for listeners to process the fluctuating spectral content and varying amplitudes of complex speech signals (Shannon 2002) , but neither electrophysiological nor psychophysical measures of these abilities are included in standard clinical protocols for evaluating perception with or programming CIs. Additional tools to evaluate perception and to guide clinical decisions are needed and may be useful even for adults who can participate in speech-perception testing. This study focused on exploring electrophysiological measures that relate to spectral-resolution abilities in CI users.
Spectral resolution, a property of the auditory system involving differentiation among frequency components, can be assessed by evaluating an individual's ability to discriminate among single frequencies or among complex signals that contain multiple frequency components. The ability to resolve frequency is variable across CI users and is generally poorer than that of hearing aid users and normal-hearing listeners, even when normal-hearing individuals are tested using simulations of CI processing (e.g., Henry & Turner 2003; 442 SCHEPERLE AND ABBAS / EAR & HEARING, VOL. 36, NO. 4, 441-453 2005) . Although a CI system limits spectral resolution by the number of intracochlear electrodes and processor settings, CI users demonstrate performance limitations beyond those attributable to the device (Fishman et al. 1997; Fu et al. 1998; Friesen et al. 2001; Henry & Turner 2003) . The number, functionality and location of surviving neurons, the location of the electrodes relative to stimulable neurons, and the impedance pathway for current spread determine the ability of the implant system to transmit spectral components to unique physical locations, and more specifically, to distinct groups of auditory neurons (e.g., Frijns et al. 1995; Cohen 2009; Goldwyn et al. 2010) . The extent to which stimulation from each electrode results in a distinct neural excitation pattern is referred to within this document as spatial selectivity. Thus, peripheral spatial selectivity, a property of CI stimulation specific to each individual, can limit spectral resolution.
Because spectral resolution is correlated with speech perception (Henry & Turner 2003; Henry et al. 2005; Litvak et al. 2007; Won et al. 2007; Berenstein et al. 2008; Saoji et al. 2009; Anderson et al. 2011; Spahr et al. 2011; Won et al. 2011b ) and because peripheral spatial selectivity underlies spectral resolution (e.g., Anderson et al. 2011; Jones et al. 2013 ), a relationship between spatial selectivity and speech perception is expected. Litvak et al. (2007) provided indirect evidence of this relationship by changing the slope of vocoder band-pass filters to simulate varying degrees of peripheral spatial selectivity in normal-hearing individuals. The performance of normalhearing listeners on spectral resolution measures and speech perception (particularly vowel perception) tended to mimic the performance observed across CI users, suggesting that peripheral spatial selectivity accounts for some of the variability in performance observed across CI users. However, the direct relationship between spatial selectivity and speech perception of a CI user remains unclear. A number of studies have demonstrated significant correlations between psychophysical measures of spatial selectivity and speech perception (e.g., Nelson et al. 1995; Collins et al. 1997; Throckmorton & Collins 1999; Henry et al. 2000; Boëx et al. 2003; Jones et al. 2013 ), but others have not Hughes & Abbas 2006a; Stickney et al. 2006; Hughes & Stille 2008; Anderson et al. 2011; Nelson et al. 2011; Azadpour & McKay 2012) . Electrophysiological measures of peripheral spatial selectivity (i.e., ECAP channel-interaction functions) have not been found to correlate with speech perception (Cohen et al. 2003; Hughes & Abbas 2006a; Hughes & Stille 2008; Tang et al. 2011; van der Beek et al. 2012) .
There are many potential limitations when attempting to use measures of peripheral spatial selectivity, specifically ECAP channel-interaction functions, to predict speech perception in CI users. The primary goal of this study was to re-examine the relationship between electrophysiological measures of spatial selectivity and speech perception by addressing a number of these limitations.
One limitation of previous studies is that ECAP channelinteraction functions were measured at few cochlear locations (apical, middle, basal electrodes: Cohen et al. 2003; Hughes & Stille 2008; Tang et al. 2011; van der Beek et al. 2012) . Sparse sampling will not capture the likely variability of spatial selectivity along the length of the electrode array, which presumably is relevant for the processing of spectrally complex speech signals. Several psychophysical studies have used more than the typical three electrodes used in electrophysiological studies to characterize the interactions and have observed significant correlations with speech perception (e.g., Nelson et al. 1995; Throckmorton & Collins 1999; Henry et al. 2000; Jones et al. 2013) . In this study, ECAP channel-interaction functions were obtained for all of the electrodes activated during speechperception testing to characterize the spatial selectivity of the periphery as fully as possible. Electrophysiological measures were used because, in addition to being objective, they can be performed in a fraction of the time necessary for equivalent psychophysical measures.
A second limitation addressed here is that ECAP channelinteraction functions typically are quantified individually and in terms of width or breadth. Broad interaction functions presumably reflect poor spatial selectivity. However, broad stimulation patterns can result from many factors, such as monopolar stimulation and electrodes far from the modiolus (psychophysical: Cohen et al. 2006; Nelson et al. 2008; Zhu et al. 2012 , but see Cohen et al. 2005 electrophysiological: Cohen et al. 2003; Hughes & Abbas 2006a , 2000b Zhu et al. 2012 ), which are not necessarily associated with poorer speech perception (Pfingst et al. 2001; Hughes & Abbas 2006a; Berenstein et al. 2008) . Additionally, by necessity, ECAP channel-interaction functions are elicited using stimuli presented at suprathreshold levels with current levels that are often above those used in the clinical program or MAP. There is a tendency for channel-interaction functions to broaden with stimulus level at least in some individuals and for some probe electrodes (e.g., Abbas et al. 2004; Eisen & Franck 2005; Hughes & Stille 2010) ; however, speech-perception scores do not decrease with increasing stimulation level (Firszt et al. 2004) . Even in the normal auditory system, tonal response patterns broaden with level (e.g., Gorga et al. 2011) , and yet speech-perception abilities do not degrade. Although electrodes that stimulate completely overlapping neural populations presumably offer no additional benefit over a single-channel CI, some spatial overlap might provide the central nervous system with the redundancy needed to further process the complex signal (Kiang & Moxon 1972) .
In this study, the ECAP channel-separation index was used to quantify peripheral spatial selectivity (Hughes 2008) . This index is sensitive to differences in locations, magnitude, and shapes of two channel-interaction functions and provides a means for quantifying the nonoverlapping excitation areas resulting from two places of stimulation (i.e., probe electrodes). The channel-separation index was found to correlate significantly with pitch ranking (Hughes 2008) whereas channelinteraction function width did not (Hughes & Abbas 2006a ). In the companion study, significant within-subject correlations between the channel-separation index and objective measures of electrode discrimination (spatial auditory change complex [ACC] amplitude) were observed (Scheperle & Abbas 2015) . These findings suggest that although the breadth of a single channel-interaction function might not be meaningful in isolation, it might be meaningful when considered relative to the excitation patterns resulting from neighboring electrodes.
A third limitation of ECAP measures is that peripheral processing may not be sufficient to account for variable speechperception abilities observed across CI users. The companion paper demonstrated that central processing, characterized by cortical electrophysiological response amplitudes, varied across adult CI users and that the cross-subject differences could not be explained entirely by differences in peripheral input (Scheperle & Abbas 2015) . The same cortical response, namely the ACC, was included as an outcome measure in this study as well. The ACC is elicited by changing a parameter in an ongoing stimulus (Ostroff et al. 1998; Brown et al. 2008) , and although these cortical responses are preattentive and do not reflect cognition or executive function, they do offer insight into intermediate stages of processing between the auditory nerve and speech perception, specifically related to discrimination (e.g., Jerger & Jerger 1970; Won et al. 2011a ). For the companion study, the ACC was evoked by changing the stimulation site from one electrode to another. The response was considered a central measure of spatial selectivity. The spatial ACC data from the companion study were included in this study to evaluate the potential benefits of considering processing central to the auditory nerve for explaining variable speech-perception abilities.
A fourth limitation of ECAP channel-interaction functions is that they are obtained using relatively simple stimuli: pulses from electrode pairs presented at low stimulation rates. Another benefit of the ACC is that the response can be evoked with stimuli ranging in complexity. Examining the peripheral neural response to electrode pairs ignores the interaction that likely occurs across the electrode array when more complex stimuli (such as speech) are used and multiple electrodes are stimulated. Thus, the ACC was elicited by changing the frequency location of spectral peaks within a complex, vowel-like, rippled-noise stimulus (similar to that in the study by Won et al. 2011a ). This stimulus results in more complex excitation patterns at the periphery than electrode pairs stimulated sequentially using low-rate (ECAP) or high-rate (spatial ACC) pulse trains. Although the physiological contrast depends on the underlying spatial selectivity, this ACC response was considered a central measure of spectral selectivity.
In summary, the following three electrophysiological measures were included in this study: ECAP channel-interaction functions, spatial ACCs (evoked with sequentially stimulated electrodes), and spectral ACCs (evoked with rippled-noise stimuli). These three measures allowed us (1) to evaluate the relationship between the processing of simple (ECAP and spatial ACC) and complex (spectral ACC) stimulation patterns and (2) to determine the predictive ability of the three electrophysiological measures with speech perception (vowels and words within a noise background). The hypotheses were as follows:
1. ECAP channel-interaction functions are predictive of spectral selectivity and speech perception. Although previous studies have not provided evidence in support of this hypothesis, the present study examined spatial selectivity for a greater number of electrode sites and used different methods to quantify the ECAP data.
2. Considering neural responses at a level central to the auditory nerve can improve the predictions of the processing and perception of more complex signals.
3. Electrophysiological measures of spectral resolution are predictive of speech perception. A strong correlation between behavioral measures of spectral resolution and speech perception has been demonstrated consistently (e.g., Henry & Turner 2003; Henry et al. 2005; Litvak et al. 2007; Won et al. 2007; Berenstein et al. 2008; Saoji et al. 2009; Anderson et al. 2011; Spahr et al. 2011; Won et al. 2011b) , and electrophysiological and behavioral measures of spectral ripple discrimination are correlated (Won et al. 2011a; Lopez Valdes et al. 2014) .
The results of this study improve our understanding of auditory neural processing of simple and complex stimuli at peripheral and cortical levels and how this processing is related to speech perception in CI recipients.
MATERIALS AND METHODS

Participants
The 11 perilingually or postlingually deafened adult CI users who participated in the companion study (Scheperle & Abbas 2015) also participated in this study. In brief, participants were native English speakers ranging in age from 27 to 86 years and had at least 1 year of experience with a Nucleus CI24RE or CI512 internal device in the test ear (Cochlear Ltd., Macquarie, NSW, Australia). The companion paper contains additional demographic details. This study was approved by the Institutional Review Board of the University of Iowa.
General Experiment Overview
The general design of this study was modeled after that of Won et al. (2011c) and involved manipulating the CI processor settings, or MAPs, to effectively change spatial/spectral selectivity within individual CI users. Three experimental MAPs were created, each using 7 of the available 22 intracochlear electrodes. Activated electrodes were adjacent (MAP 1), every other (MAP 2), or every third electrode (MAP 3; Table 1 ). Thus, the potential for interaction among stimulated electrodes was greatest with MAP 1 and least with MAP 3. A total of 13 electrodes (3, 6, 8, 9, 10 11, 12, 13, 14, 15, 16, 18, and 21) were activated across the experimental programs. Measures of spectral selectivity (spectral ACC) and speech perception (vowel discrimination and sentences within background babble) were repeated for each participant/MAP. In contrast to the study by Won et al. (2011c) , this study also included measures of spatial selectivity for each participant/MAP, specifically, the peripheral (ECAP) and central (ACC) measures of spatial selectivity reported in the companion paper (Scheperle & Abbas 2015) . The activated electrodes for F19R were adjusted to avoid those associated with small-amplitude or immeasurable ECAPs. MAP 1: electrodes 10, 11, 12, 13, 14, 15, 16; MAP 2: electrodes 7, 9, 11, 13, 15, 17, 19; and MAP 3: electrodes 2, 7, 10, 13, 16, 19, 22 . Spatial selectivity was evaluated for this modified set of electrodes (Scheperle & Abbas 2015) . ECAP, electrically evoked compound action potential.
Peripheral Spatial Selectivity: ECAP Channel-Separation Index
ECAP channel-interaction functions were obtained for all 13 activated electrodes using standard forward-masking stimulation, recording, and artifact subtraction procedures (Cohen et al. 2003; Abbas et al. 2004 ). Thus, peripheral spatial selectivity was described as completely as possible for each listening condition in this study. The ECAP channel-interaction functions associated with the seven activated electrodes in each MAP are shown for one participant (E55R) in the left column of Figure 1 . The functions overlap the most for MAP 1 (top panel), and the differences across functions are relatively small. As the activated electrodes are spaced farther apart (MAPs 2 and 3), the amount of overlap decreases.
For the companion study, ECAP channel-separation indices (i.e., average amplitude differences) were calculated using all channel-interaction functions paired with that of probe electrode 12. For this study, ECAP channel-separation indices were calculated for each of the six pairs of adjacent electrodes activated within the experimental MAPs (Table 1 ; Fig. 1 , top, right panel). As expected, channel-separation indices tended to be smallest for MAP 1 and largest for MAP 3. This was generally true of the MAP means for all participants, though not necessarily for all electrode pairs. Box-and-whisker plots of the group data are provided in Supplemental Digital Content 1 (top panel, http://links.lww.com/EANDH/A179).
Central Spatial Selectivity: Spatial ACC
For the companion study, the ACC was elicited using 13 pairs of sequentially stimulated electrodes; electrode 12 was always one of the two electrodes stimulated. The relationship between the 13 ECAP channel-separation indices (x) and ACC amplitudes (y) for corresponding electrode pairs was characterized for each participant using a saturating exponential: y = a × (1 − e −bx ). Both a and b coefficients were allowed to vary to individually optimize the fit (Scheperle & Abbas 2015) . An example of one individual's spatial selectivity data set and the fitted function is provided in Figure 2 .
It was not practically feasible to elicit the ACC using all electrode pairs of interest for this study. Instead, we used the subjectspecific coefficients calculated for the set of electrodes used in the companion study to predict the ACC amplitudes for the pairs of adjacent activated electrodes in each experimental MAP. For the example participant in Figure 2 , the ECAP channel-separation index for electrode pair 6 and 8 is 0.14 (dotted vertical line) and the associated ACC amplitude is estimated to be 5.80 μV (dotted horizontal line). The predicted spatial ACC amplitudes for all MAP electrode pairs for the participant whose ECAP data are shown in Figure 1 
Processor Settings for Spectral-Selectivity and Speech-Perception Measures
As described in the companion paper, 500-msec pulse trains (monopolar mode: MP1; 900-pps rate) were used to determine threshold (T) and uncomfortable (U) levels for all 22 electrodes. For this study, initial comfort (C) levels were set 15 to 20 current level (CL) units lower than loudness-balanced U levels. The seven electrodes for a given experimental MAP were activated together, and C levels were globally adjusted until overall level was considered "most comfortable." Loudness was balanced across the three MAPs, and global adjustments were made as needed. Thus, the U-level contour (used for spatial selectivity measures) was reflected in the C levels of experimental MAPs used for spectral resolution and speech perception measures.
The three experimental MAPs were programmed with identical processing features: monopolar (MP1) stimulation mode, amplitudes and electrically evoked compound action potential (ECAP) channel-separation indices for E60 from the companion paper (Scheperle & Abbas 2015) . The exponential fit (line) was used to predict the spatial ACC amplitudes associated with the ECAP channel-separation indices calculated for the adjacent activated electrodes in each experimental MAP. The dotted vertical line marks the ECAP channel-separation index (CSI) calculated for electrode pair 6-8 for this participant. The dotted horizontal line marks the spatial ACC amplitude predicted from the exponential fit. 900-pps rate, 25-μsec/phase pulse width, and 8-μsec interphase gap. Continuous interleaved sampling was simulated using the advanced combination encoder strategy with seven maxima. Preprocessing strategies were disabled. The overall bandwidth was 350 to 5600 Hz (default: 188-7983 Hz) specifically for the spectral-selectivity measures. The bandwidths of each "nth" channel were identical across all three MAPs (Table 1) . For example, the most basal electrode activated in each MAP was programmed to transmit the envelope associated with 3813 to 5600 Hz.
Rippled-noise and speech stimuli were presented via the direct audio input port on the CI processor. Rippled-noise and vowel stimuli were presented at a level equivalent to 55 or 60 dB; the Bamford-Kowal-Bench Speech-in-Noise (BKB-SIN) test (Etymōtic Research 2005) was administered at a 65-dB equivalent level.
Spectral Selectivity: Spectral ACC
Rippled-noise stimuli (350-5600 Hz bandwidth, 0.5 ripples per octave (rpo), and 40-dB depth) were created in MATLAB (MathWorks, Natick, MA, 2012a; Litvak et al. 2007 ). To elicit the ACC, the frequency location of the peaks and troughs was reversed 400 msec after stimulus onset. The second 400 msec was scaled to have an rms amplitude equal to that of the first 400 msec. The full 800-msec stimuli were gated on and off with a Tukey window (20-msec ramps and 760-msec plateau). A band-pass filter (350-5600 Hz) was applied to remove spectral splatter at the transition between the two stimulus halves.
MATLAB was used to present stimuli to the processor at a rate of approximately one per 3 sec. The recording procedures were identical to those described in the companion paper for the spatial ACC measures. In brief, disposable surface electrodes were placed at the vertex (+), contralateral mastoid (−), and inion (−), allowing two differential recordings to be obtained simultaneously. Electrode impedances were below 5 kΩ and matched within 2 kΩ. Electroencephalographic (EEG) signals were filtered (1-30 Hz) and amplified (gain of 10,000; Opti-Amp 1.10, Intelligent Hearing Systems), digitized (sampling rate of 25,000; National Instruments DAQ soundcard), and averaged and stored for off-line analysis (100 sweeps; Lab-VIEW, National Instruments, 2009). A minimum of two sets of 100 sweeps were recorded for each MAP. The test order of the experimental MAPs was randomized.
Device-related artifact was reduced primarily by the recording procedures. Matching the impedance of the surface electrodes and the high-pass edge frequency of the filter has been shown to reduce low-frequency artifact. The low-pass edge frequency of the filter reduced the high-frequency artifact (McLaughlin et al. 2013) . Averaged waveforms were filtered off-line to further minimize the effects of CI artifact and biological noise on the recorded neural potential. Example waveforms are displayed in Figure 3 . The waveforms obtained under different listening conditions are shifted vertically: MAP 3 (top) to MAP 1 (bottom). Vertical lines at 0.0 and 0.4 sec mark the stimulus onset and the stimulus change (spectral envelope phase inversion), respectively. Negative (N 1 ) and positive (P 2 ) peaks of onset and change responses are indicated with crosses. For this individual, the most robust response was obtained with MAP 3, and the smallest response was obtained with MAP 1. This pattern was observed for most participants.
Speech Perception
Vowel discrimination was assessed within a /h/-vowel-/d/ context using a 10 alternative forced choice procedure executed with modified PSYLAB scripts (version 2.4; Hansen 2012) in MATLAB. The included words were had, hayed, head, heard, heed, hid, hoed, hood, hud, and who'd. Ten tokens of each word were selected from 10 female speakers (Hillenbrand et al. 1995) . The experimental MAPs were tested in a random order following a brief (~5 min) familiarization period for each program. For testing, each vowel token was presented once without replacement in a random order. Participants responded using a touch screen or mouse. The percent correct across all words was used for the analysis.
The BKB-SIN test was administered following the voweldiscrimination test before switching to a new listening condition (MAP). The level of the target was held constant, and the level of the four-talker babble increased in 3-dB steps. The signal-to-noise ratio (SNR) started at +21 and ended at 0 dB. Listeners were asked to repeat each sentence and were scored using the number of key words (three or four) correct. This number was used to calculate the SNR for 50% correct (SNR-50). For testing, a list pair (two lists of eight sentences) was chosen randomly from lists 9 to 18 (recommended for CI users). Unused lists were used to familiarize participants with the procedures.
Statistical Analysis
Linear mixed-model regression analysis was used to evaluate (1) whether spatial selectivity (ECAP channel-separation index or predicted spatial ACC amplitude) was predictive of spectral resolution (spectral ACC amplitude) and (2) whether the three electrophysiological measures (ECAP channel-separation index, predicted spatial ACC, and spectral ACC) were predictive of vowel discrimination and speech perception in noise. Akaike's Information Criterion (AIC) was used to compare the different models (Kutner et al. 2004) ; lower scores indicate better fits. Simple linear regression analysis was performed using the data obtained with one program (MAP 3), so that we could evaluate the usefulness of the electrophysiological responses for crosssubject predictions when only a single measure is available.
A basic assumption influencing the interpretation of the results is that central measures, such as the ACC, reflect cumulative processing from the periphery to the cortex. Thus, any difference in the analysis using the ECAP channel-separation index (a measure that reflects peripheral processing) compared with the predicted spatial ACC (a measure that reflects both peripheral and central processing) was attributed to processing central to the auditory nerve. Any difference in the analysis using the spatial ACC compared to the spectral ACC (both measures reflect peripheral and central processing) was attributed to stimulus complexity.
RESULTS
Relating Spatial and Spectral Selectivity
Two questions of interest were (1) is spatial selectivity, measured with simple stimulation, predictive of the resolution of spectrally complex stimuli and (2) does including information about central processing improve the prediction? The spatial selectivity data for each MAP were reduced to the maximum ECAP channel-separation index and maximum predicted spatial ACC amplitude across adjacent activated electrodes. The decision to use the maximum was based on an expectation that a single electrode pair (limited cochlear region) might provide sufficient information for a discrimination task. Because the cochlear place with the best spatial selectivity might not align with the cochlear place associated with the greatest difference in stimulation resulting from the spectral phase inversion, the analysis was also performed by reducing the spatial selectivity data to the mean across adjacent electrode pairs for each MAP (see the table in Supplemental Digital Content 2, http://links.lww.com/EANDH/A179). The general conclusions do not change. Figure 4 displays spectral ACC amplitudes as a function of the two measures of spatial selectivity: ECAP channel-separation index (left) and predicted spatial ACC amplitude (right). There are 33 data points in each panel: 11 data points each for MAP 1 (white squares), MAP 2 (gray triangles), and MAP 3 (black circles). Thin gray lines connect the data belonging to each participant. MAP 3 data points for E55R were identified as outliers (studentized residual >2.0) and are marked with asterisks. Dashed lines are the linear fits for the mixed-model analysis, which included all 33 data points. The solid lines are the linear fits to MAP 3 data (excluding the outlier). Regressionline slopes are positive, indicating that better spatial selectivity is associated with better spectral resolution.
Results of the mixed-model analyses (Table 2A) reveal that both the ECAP channel-separation index and predicted spatial ACC amplitude were significant predictors of spectral ACC amplitude (p < 0.0001). The smaller AIC value associated with the ECAP channel-separation index indicates that it was a better predictor of spectral ACC amplitude than the predicted spatial ACC amplitude. These results suggest that the information about processing central to the auditory nerve does not improve the predictions of spectral selectivity when multiple sets of measures are available for a given individual. Another explanation is that predicting (rather than measuring) the spatial ACC for the electrode pairs of interest introduced noise and degraded the correlation. In light of the results of the regression analysis on MAP 3 data (next section), the latter explanation is unlikely the primary factor.
Results of the simple linear regression analyses for MAP 3 data (excluding E55R; Table 2B ) reveal that both measures of spatial selectivity were significant predictors of spectral ACC amplitude (p < 0.02). In contrast with the results of the mixedmodel analysis, these results indicate that predicted spatial ACC amplitude is a better predictor of spectral ACC amplitude than the ECAP channel-separation index (r 2 = 0.87 compared to r 2 = 0.51). Although information about the peripheral neural excitation pattern is informative, these results suggest that when the goal is to make predictions about differences across participants based on a single observation per individual, it is beneficial to include a measure that also reflects processing central to the auditory nerve.
Speech Perception
The ultimate goal of this study was to examine the usefulness of electrophysiological measures to predict speech perception. The questions of interest were (1) are any of the electrophysiological measures predictive of speech perception, and (2) is any one electrophysiological measure a better predictor than the others? For these analyses, we reduced the spatial selectivity measures for each MAP to the mean ECAP channel-separation index and mean predicted spatial ACC amplitude. The decision to use the mean was based on the rationale that access to information across the cochlea is important for resolving differences among and identifying speech sounds. Figure 5 relates the speech scores (top row: vowel discrimination; bottom row: BKB-SIN) with each of the electrophysiological measures (left column: ECAP channel-separation index, middle column: predicted spatial ACC amplitude, right column: spectral ACC amplitude). The color scheme, symbols, and lines are the same as in Figure 4 . MAP 3 data for participant F26L were identified as outliers (studentized residual >2.0) for the vowel regression analyses and are marked with asterisks.
Regression-line slopes are positive for the vowel-perception data and negative for the BKB-SIN test. Because the BKB-SIN test is scored as a SNR for 50% correct performance, low scores indicate better performance. Thus, the interpretation is the same for both speech perception measures: better spatial/ spectral selectivity is associated with better performance on speech measures. Vowel Discrimination • Average vowel scores ranged from 17 to 85% across participants and MAPs, which were between chance (10%; horizontal, dotted lines in the top row of Fig. 5 ) and ceiling Fig. 4 . Relationship between spatial selectivity and spectral resolution. Spectral auditory change complex (ACC) amplitude is plotted as a function of both measures of spatial selectivity: maximum electrically evoked compound action potential (ECAP) channel-separation index (left) and maximum predicted spatial ACC amplitude (right). Both panels contain 33 data points: MAP 1 (white squares), MAP 2 (gray triangles), MAP 3 (black circles). Outliers are marked with asterisks (MAP 3 data for E55R). The dashed lines are the linear regression fits for the mixed-model analyses, and the solid lines are the linear regression fits for the analyses using only MAP 3 data points.
(100%) performance. Results of the mixed-model analyses (Table 3A , all 33 data points) reveal that all three electrophysiological measures were significantly predictive of vowel perception (p < 0.005). These results suggest that improving spatial or spectral selectivity within an individual would be associated with an improvement in his/her vowel-perception abilities. The ECAP channel-separation index was not only a significant predictor (p < 0.0001) but also a best predictor (smallest AIC). Results of the simple linear regression analyses for MAP 3 data (excluding F26L; Table 3B ) reveal that both predicted spatial ACC and spectral ACC amplitudes were significantly predictive of vowel scores (p < 0.04). Spectral ACC amplitude was the best predictor (r 2 = 0.65 compared to r 2 = 0.45). The ECAP channelseparation index was not a significant predictor when only a single set of measures (those for MAP 3) was considered for each individual. BKB-SIN • Results of the mixed-model analyses are provided in Table 4A . Consistent with the vowel-discrimination results, all three electrophysiological measures were significant predictors of word recognition in noise (p < 0.0002), and the ECAP channel-separation index was the best predictor (smallest AIC). The simple linear regression results for MAP 3 are provided in Table 4B . There were no outliers identified, so the analyses included data from all 11 participants. When considering only a single listening condition, neither measure of spatial selectivity was significantly predictive of speech perception (p > 0.05). Spectral ACC amplitude was significant (p = 0.0123) and accounted for just over 50% of the variability.
DISCUSSION
Summary of Results
This study included three electrophysiological measures to evaluate the peripheral and cortical neural representations of spectrally simple and complex stimuli. Speech perception was assessed using vowels and the BKB-SIN test. The outcome measures were compared within a regression framework, and the following relationships were identified:
1. All three electrophysiological measures were significantly correlated with each other and with scores of both speech tests. 2. The ECAP channel-separation index was the best predictor of changes in spectral ACC amplitude and speech perception when data from all three experimental MAPs were considered. The cortical measures, which provide information about central processing in addition to peripheral processing, did not improve these predictions. 3. The cortical measures improved the predictions of spectral selectivity and speech perception when information about neural processing was limited to a single listening condition for each participant. Spectral ACC amplitude was the best predictor of speech perception and accounted for 50 to 60% of the variability. Although we hypothesized that the ECAP measures would be predictive of speech perception, an unexpected finding was the strength of the relationship when multiple observations were included for each participant, especially in contrast to the weak correlations observed when the analysis was limited to the data set for a single listening condition. The implications of these differences will be discussed.
Results of the simple linear regression analyses appear to reflect the inherent hierarchy across outcome measures with regard to the complexity of the stimulus and stages of auditory processing contributing to the electrophysiological responses. This hierarchy is illustrated in Figure 6 using the statistically significant results for the cross-subject, simple linear regression analyses (MAP 3 data). The schematic displays the outcome measures in order of stimulus complexity (left-to-right) and stages of processing from the periphery to the cortex (bottomto-top) . Lines begin at the independent variables and terminate with the arrows pointing to the dependent variables. The r 2 values associated with each analysis are displayed on the lines. The double lines connecting the ECAP channel-separation index with the spatial ACC are used to represent the "predicted spatial ACC amplitude," which was calculated by combining the two measures together.
The most peripheral response evoked with the simplest stimulus (ECAP) was significantly correlated with a more central response evoked with a more complex stimulus (spectral ACC) but not with either measure of speech perception when limiting the analysis to MAP 3 data. When information about central processing was included (in the form of the predicted spatial ACC), more of the variability observed in the measure of spectral selectivity was accounted for, and a significant correlation was observed with vowels but not with the most complex speech test used in this study (BKB-SIN). The spectral ACC, evoked with a complex, speech-like stimulus, explained more of the variability in vowel performance than either measure of spatial selectivity and was correlated with speech perception in noise. These results support the rationale behind the study design, which included electrophysiological measures from both peripheral and cortical auditory levels and the use of both simple and complex stimuli to evoke responses.
Caveats
In this study, we activated different electrodes in three experimental MAPs to change spatial and spectral selectivity within each participant and to evaluate the effects on speech perception. Because the MAPs were novel and participants were given minimal listening practice, we expected that speech perception might be poorer than if participants were allowed to use their clinical MAPs (although this was not directly evaluated). The primary interest was not absolute performance but relative performance (i.e., differences across the experimental MAPs for a given individual and differences across participants). However, efforts to reduce differences in stimulation parameters across the outcome measures may limit generalization of the study findings. For example, the reference electrode was MP1 for all measures because this is what was used for the ECAP measures. Although stimulation levels were different across outcome measures, we also attempted to retain the relative electrode C-level profile for the spatial selectivity measures. Additionally, the processor bandwidth was set to 350 to 5600 Hz for speech-perception measures to match what was used for the spectral-selectivity measures. It is not clear to what extent the relationships observed between electrophysiological measures and speech perception were due to these controls, and how comparisons to everyday programs should be accomplished most effectively.
A second concern about the study design is the similarity/dissimilarity between the frequency-to-electrode allocation of the experimental MAPs and that of the CI users' everyday MAPs. Shifting the place of stimulation from what a listener is accustomed to can be detrimental to acute vowel-perception abilities (Fu & Shannon 1999a ,1999b . Spatial selectivity and speech perception were typically best when participants used MAP 3, which also had the most similar (though not identical) frequency-to-electrode allocation as the default settings. Although we do not know whether this had confounding effects on the mixed-model speech analyses, the simple linear regression analyses using only MAP 3 data were not confounded.
ECAP Channel-Interaction Functions
This is one of the several studies to demonstrate significant correlations between measures of spatial selectivity and speech perception (e.g., Nelson et al. 1995; Collins et al. 1997; Throckmorton & Collins 1999; Henry et al. 2000; Boëx et al. 2003; Jones et al. 2013) ; however, it is the first study to show a direct relationship between ECAP channel-interaction functions and speech perception. We attribute the significant results in part to the more complete measures of peripheral spatial selectivity (similar to the study by Jones et al. 2013 ) and the use of the channel-separation index (Hughes 2008) to quantify the ECAP channel-interaction functions. More notable is that ECAP measures were predictive of speech perception only when considering multiple listening conditions for each individual. Previous studies have focused on cross-subject predictions (Cohen et al. 2003; Hughes & Abbas 2006a; Hughes & Stille 2008; Tang et al. 2011; but van der Beek et al. 2012 also used mixed-model analysis), but a goal of CI programming is to optimize stimulation for an individual. CI processors can be adjusted to produce different stimulation patterns (listening conditions) for the recipient, and our results suggest that measures of peripheral spatial selectivity may be useful for making comparisons. Although the experimental MAPs used in this study were not designed for everyday use, changing the spatial pattern of stimulation by deactivating electrodes or by adjusting the stimulation mode and processing strategies are standard options for clinical programming.
A number of investigators have demonstrated improved performance on speech tests when selectively deactivating electrodes Garadat et al. 2012; Noble et al. 2013) . Two of these studies used measures suggesting poor peripheral spatial selectivity as a criterion for choosing which electrodes to deactivate. Zwolan et al. (1997) deactivated electrodes that were perceptually indiscriminable. Noble et al. (2013) deactivated electrodes assumed to result in overlapping neural stimulation based on position within the cochlear duct. There is likely a limit to how much improvement can be obtained with this electrode-deactivation procedure and to the maximum number of electrodes that can be deactivated before performance is negatively affected (e.g., Friesen et al. 2001 ). Zhou and Pfingst (2014) proposed an alternative method to electrode deactivation, which they refer to as "site rehabilitation." Instead of deactivating electrodes with poor modulation detection thresholds, the investigators raised T levels to "artificially" improve detection of temporal modulations. Speech perception improved with the experimental programs for most participants. Based on the preliminary success of the electrodedeactivation and site-rehabilitation methods, it may be worth examining whether ECAP channel-interaction functions could be used to identify electrodes to deactivate or modify.
Another potential application is to use information about peripheral spatial selectivity to determine whether a specific processing strategy or stimulation mode would be optimal. Although some of the clinically available strategies are associated with better performance than others on average (advanced combination encoder compared to continuous interleaved sampling and HiRes with Fidelity 120 compared to HiRes), the best or most preferred strategy is person specific (e.g., Skinner et al. 2002; Firszt et al. 2009 ). Clinicians currently rely on their programming experiences and reports by patients to select processing features. Often the default settings within the programming software are left unchanged. Sometimes, speech-perception tests are performed to compare across different processing strategies, but CI users often need time to acclimate to new listening conditions (e.g., Tyler et al. 1997) , and a trial-and-error method is not efficient. As new techniques are introduced to improve device transmittance of spectral content (see Bonham & Litvak 2008 for a review of current focusing/steering), determining whether peripheral neural survival is sufficient to further transmit the detailed spectral content is needed to predict whether or not a strategy will benefit the individual. Spectralresolution measures have been used to validate processing strategies (Berenstein et al. 2008; Drennan et al. 2010 ); however, the results of this study suggest that clinical decisions about how to change processor settings for an individual might be better guided with peripheral measures of spatial selectivity. The specific manner in which information about ECAP channel-interaction functions can be used to help with these more complex decisions is less straightforward than deactivating electrodes with poor spatial selectivity. But, considering that ECAP measures are noninvasive reflections of peripheral neural excitation, they are worth further exploration.
Although the ECAP channel-separation index has been suggested for quantifying ECAP channel-interaction functions (Hughes 2008; Hughes et al. 2013; Scheperle & Abbas 2015) and appeared adequate given the results of the mixed-model analysis in this study, it may be that the metric is fundamentally limited in its application to the perception of complex stimuli because it is calculated for pairs of electrodes. Complex sounds generally result in the stimulation of many electrodes, and an overall measure of interaction among all stimulated electrodes may be more appropriate. One such quantity calculated from measures of auditory filters in normal and hearing-impaired ears is an internal spectrum (Moore & Glasberg 1987; Turner & Henn 1989; Summers & Leek 1994) . Adapting this method for use with analogous auditory filters in CI users was beyond the scope of this study. However, it could potentially provide a better characterization of the peripheral neural excitation pattern of complex stimuli than the mean or maximum ECAP channelseparation index, as used in this study.
Despite its limitations, calculating an ECAP channel-separation index is relatively straightforward, and there may be ways to improve using the measure. For example, a possible limitation of this study was the use of an unweighted mean across adjacent electrodes to compare with the speech measures. Different frequency regions are more important than others for speech intelligibility, and the relative importance depends upon the speech materials (American National Standards Institute 1997). We did not consider a weighting function a priori and did not apply weights from previous studies post hoc as a number of approximations were required. Additionally, using a mean, even if weighted, may not be ideal for predicting speech perception if variability is observed across electrode pairs within an individual. For example, mean behavioral thresholds across the electrode array have not been found to correlate with speech perception; however, threshold variability across the array has (Pfingst et al. 2004; Bierer 2007) . Quantifying ECAP channel-interaction functions in terms of variability has not been explored and is worth considering.
In this study, channel-interaction functions were normalized to the largest ECAP amplitude observed across probe electrodes within each individual (Hughes 2008) . This normalization was preferred over normalizing each function to its own peak for the purpose of retaining relative amplitude differences and may be an important difference in how the channel-separation index compares to other metrics used to quantify ECAP channel-interaction functions. However, in one participant (F26L; identified as an outlier for the vowel regression analysis), ECAP amplitudes across probe electrodes ranged from 140 to 600 μV. Dividing the amplitudes by the maximum resulted in small normalized ECAP amplitudes (and small channel-separation indices) for the majority of the basal electrodes, even though the non-normalized amplitudes were large compared with many other participants. It is not clear if or how the normalization procedure should be adjusted (e.g., perhaps based on a mean value instead of the maximum and allowed to extend beyond 1.0), but for this one individual, normalization did not appear to reflect the good neural survival that was indirectly suggested by the non-normalized amplitudes and by good speech-perception scores.
Cortical Auditory-Evoked Potentials
Initial evaluations of the ACC in CI users demonstrated feasibility of recording the response and described the sensitivity of the response to size/extent of the stimulus change (e.g., Friesen & Tremblay 2006; Martin 2007; Brown et al. 2008; Kim et al. 2009 ). More recent studies have demonstrated that cortical measures of discrimination are correlated with behavioral measures (Hoppe et al. 2010; Won et al. 2011a; He et al. 2013; Lopez Valdes et al. 2014) . Complex phonemic contrasts and speech-like signals have been used to elicit cortical responses (Tremblay et al. 2003; Friesen & Tremblay 2006; Martin 2007; Won et al. 2011a; Lopez Valdes et al. 2014 ), but only one other study to date has directly related the ACC with speech perception abilities in CI users (He et al. 2013) . Spatial ACC • He et al. (2013) elicited the ACC within an electrode-discrimination framework and observed a significant correlation between objectively determined electrode-discrimination thresholds and speech perception for children identified with auditory neuropathy spectrum disorder. Our results extend those of He et al. by showing a significant relationship between the predicted spatial ACC for a more heterogeneous group of CI users. Additionally, speech scores were considered continuous variables in this study rather than categorized (He et al. 2013) . The significant correlation observed between the predicted spatial ACC amplitude and speech perception is also consistent with the findings of studies using behavioral measures of spatial selectivity (e.g., Nelson et al. 1995; Collins et al. 1997; Throckmorton & Collins 1999; Henry et al. 2000; Boëx et al. 2003; Jones et al. 2013.) . Like the ACC, behavioral measures reflect cumulative processing from the periphery to the cortex. Additionally, many of the psychophysical studies included channel-interaction measures for the majority of activated electrodes. Our results, along with those listed here, support two of our hypotheses: (1) numerous measures across the electrode array are necessary for relating spatial selectivity with the perception of more complex stimuli and (2) differences in central processing across CI users are important to consider. This last point is supported directly by our results showing that the predicted spatial ACC was more strongly correlated with speech scores than the ECAP measures when data were limited to a single listening condition. Spectral ACC • Spectral-rippled noise is a popular stimulus for evaluating spectral resolution; however, there are concerns that listeners may rely on other perceptual abilities for discrimination, namely single-channel loudness cues or pitch perceptions associated with either the level presented on the lowest or highest electrode (edge effects) or the spectral centroid (Azadpour & McKay 2012 , further described in Aronoff & Landsberger 2013 . Several investigators have addressed these concerns and found that potentially confounding factors (edge effects and intensity cues) are likely minimal (e.g., Anderson et al. 2011; Won et al. 2011c) . The significant correlations between measures of spatial selectivity and spectral ripple discrimination Jones et al. 2013, this study) and the large r 2 values (Jones: r 2 = 0.94; this study: r 2 = 0.87) suggest that confounding factors are likely minimal.
Although significant relationships between behavioral measures of spectral resolution and speech perception have been observed across studies using various stimulus paradigms (e.g., ripple density or depth) and speech-perception measures (Henry & Turner 2003; Henry et al. 2005; Litvak et al. 2007; Won et al. 2007; Berenstein et al. 2008; Saoji et al. 2009; Anderson et al. 2011; Spahr et al. 2011; Won et al. 2011b) , this is the first study to provide evidence that an electrophysiological correlate is also predictive of speech perception. Won et al. (2011a) demonstrated that the ACC could be evoked within a spectral ripple, densitydiscrimination paradigm, and that electrophysiological responses were correlated with behavioral measures of ripple discrimination. Although we used a single ripple depth to elicit the ACC and compared the amplitude of the electrophysiological response to speech perception, in light of previous behavioral studies, we were not surprised to observe significant correlations.
Clinical Considerations
Using ECAP measures to evaluate peripheral spatial selectivity is faster and/or more cost effective than many of the psychophysical (e.g., electrode discrimination: Zwolan et al. 1997 ; forward-masked spatial tuning curves: Nelson et al. 2008; channel interaction: Jones et al. 2013 ) and objective (auditory brainstem response thresholds using focused stimulation: Bierer et al. 2011; computerized tomography imaging: Noble et al. 2013) alternatives. Determining behavioral thresholds using focused stimulation across the array (Bierer 2007) in adult CI users is neither more costly nor time consuming than eliciting ECAP channel-interaction functions; however, behavioral methods require cooperation from participants and are not ideal for pediatric and difficult-to-test populations. ECAP channelinteraction functions can be measured using clinical software, and recording/analyzing ECAPs is within the scope of practice of audiologists. For this study, ECAP channel-interaction functions were obtained for more than half of a 22-electrode array in less than an hour. The time needed to obtain channel-interaction functions for all intracochlear electrodes will depend upon the electrode array but might be reduced considerably by using fewer masker electrodes or averaging across fewer sweeps when subtracted response amplitudes are large.
Although this study also provides evidence that the ACC evoked with simple and complex stimuli is useful for predicting perceptual abilities across individuals with CIs, especially when single observations are available for individuals, there are some practical considerations. First, the spatial ACC measures were more time consuming than ECAP measures. There may be ways to shorten test time from what was required for this study, and these would be worth exploring. For example, it is unclear whether it was necessary to record responses for 13 electrode pairs (the protocol for the companion study) or if a smaller subset would have been sufficient. Shortening the test time likely would have been beneficial, as noise levels tended to increase across the duration of the lengthy sessions, and participants had difficulty staying alert. Eliciting the spectral ACC was less time consuming. Although behavioral studies using ripplednoise stimuli rely on obtaining density or depth thresholds, we explored using the response amplitude elicited at a single, suprathreshold ripple depth. The single response was predictive across individuals, suggesting that the more time-efficient method was adequate.
A second practical disadvantage of cortical potentials is that they are typically recorded using far-field electrodes placed on the scalp. Placement of far-field electrodes takes time and adds material expenses (electrodes, conductive paste, cleaner, etc.). McLaughlin et al. (2012) explored the use of the CI extracochlear electrodes to obtain cortical recordings. Although it is not possible to obtain long-latency responses with clinical software in a time-efficient manner at the present time, the preliminary results are promising. Eliminating the need for scalp electrodes would be especially useful for obtaining measures in children; however, even responses obtained within passive listening paradigms require some cooperation. For example, listeners must sit relatively still while remaining alert. Although this combination is difficult to prompt in young children, the ACC has been successfully recorded in 4-month old infants (Small & Werker 2012) .
Finally, although we focused on the benefits of using cortical measures to compare performance across individuals, there is some indication that cortical measures are beneficial for evaluating changes in auditory processing within an individual. Cortical measures reflect maturational changes and development of the auditory system (e.g., Ponton et al. 1996 Ponton et al. , 2000 Wunderlich & Cone-Wesson 2006) and can reflect perceptual changes within a person due to listening experience (e.g., Sharma et al. 2002) or training (e.g., Menning et al. 2000) . Although these additional factors may make the response more difficult to interpret, they also indicate the potential for more widespread applications.
CONCLUSIONS
This study provides evidence that has been elusive to date: objective measures of peripheral spatial selectivity (i.e., ECAP channel-interaction functions) relate to speech perception. Determining which metric best represents and quantifies the neural excitation patterns indirectly reflected in the response and how the information can be used to make clinical programming decisions will require additional work.
Our results indicate that peripheral and central electrophysiological measures of spatial and spectral selectivity provide valuable information about underlying neural processing and resulting perception. The best measure depends upon the application of interest. For example, the cortical response evoked with the most complex, speech-like stimulus (spectral ACC) was the best predictor of speech perception when information was limited to a single listening condition for each participant. The spectral ACC also has the practical advantage of being faster to elicit than the spatial ACC paradigm used in this study, and the test time was comparable to if not faster than performing ECAP channel-interaction functions on all available electrodes. However, we do not conclude that the spectral ACC is optimal for all situations. The more specific measures of spatial selectivity may be useful for making decisions about how to optimize the speech processor for an individual. The ECAP channel-separation index was the best predictor of perception when multiple measures were obtained within an individual and may be better suited than cortical measures to inform the adjustment of CI programs.
